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Experimental results on the absolute magneto-transmission of a series of high density, high mo- 
bility GaAs quantum wells are compared with the predictions of a recent magnetoplasmon theory 
for values of the filling factor above 2. We show that the magnetoplasmon picture can explain 
the non-linear features observed in the magnetic field evolution of the cyclotron resonance energies 
and of the absorption oscillator strength. This provides experimental evidence that inter Landau 
level excitations probed by infrared spectroscopy need to be considered as many body excitations in 
terms of magnetoplasmons: this is especially true when interpreting the oscillator strengths of the 
cyclotron transitions. 



PACS numbers: 78.67.De, 73.21.Fg, 78.66.Fd 
I. INTRODUCTION 

Many theoretical reportsii^i^i^ have clearly stated 
that excitations between Landau levels (LL) of a two- 
dimensional electron gas (2DEG) subjected to a magnetic 
field B have to be analyzed, because of many body inter- 
actions, as excitonic transitions which are often referred 
to as magnetoplasmons (MP). These excitations display 
a specific dispersion as a function of the two dimen- 
sional wave vector K of the exciton. Because of Kohn's 
theorem^ which states that no manifestations of electron- 
electron interactions can be observed in cyclotron reso- 
nance (CR) experiments unless the translational sym- 
metry is broken or non-local potentials are present (giv- 
ing rise to nonparabolicity (NP) effects for instance), it 
was considered that the departure from the one-electron 
model due to the MP response should hardly be seen ex- 
perimentaly. However, when NP effects are present, the 
theorji^ii predicts a mixing of the MP modes for small 
values of K which could be, a priori, visible in experi- 
ments. Some signatures of coupled cyclotron resonance 
modes have already been observed in the past years^ 
but these works focused on low density samples and as 
a consequence on values of the filling factor below 2, 
a limit which is nowadays well understood in terms of 
coupled transitions in a two-component system, with a 
coupling even observed at high temperatures^. More re- 
cently. Manger et ali^ studied the cyclotron resonance 
response of high density samples similar to the ones pre- 
sented in this work, and for integer values of the filling 
factor. The observed behavior in this case is different 
from the previous studies as the coupling disappears for 
temperature higher than 1.4 K. These authors show that 
the one electron picture fails to interpret the oscillator 
strength of the split cyclotron resonance line. In a more 
recent report^, the conductivity of a 2DEG in the Fara- 
day configuration (the light vector q being parallel to 



the magnetic field B and perpendicular to the plane of 
the 2DEG) has been calculated in the frame of the MP 
picture. We will present in this paper a detailed compar- 
ison of experimental results obtained in a quantitative 
way with the predictions of the MP model derived in the 
Hartree-Fock approximation ignoring impurity and spin- 
orbit interactions for integer and non-integer values of 
the filling factor. We will show that the magnetoplas- 
mon picture can explain some of the features observed in 
the cyclotron resonance response of a 2DEG. 

A CR transition line is characterized by its energy po- 
sition, its linewidth and its intensity. Electron-electron 
interactions being non-dissipative to first order, the MP 
should not contribute to the linewidth of the transition 
but both the energy position and the intensity of the 
CR transitions are expected to be modified. In the one- 
electron picture of CR, for non integer values of the filling 
factor greater than 2, one expects three distinct transi- 
tions between successive Landau levels which conserve 
the spin. One of the predictions of the MP model^ is that 
the excitonic dispersion is composed of three branches 
with only two of them of lower energies being essen- 
tially infrared active. Therefore, whatever are the im- 
portance of NP effects in orbital and spin levels, one 
should observe, in the Faraday configuration, at most 
only two lines resulting from the mixing of the three 
one-electron transitions. Because of this mixing, the os- 
cillator strengths of the transitions are significantly mod- 
ified with respect to those deduced from the one-electron 
model. The third MP transition which is practically in- 
frared inactive is shifted to higher energies by an amount 
which depends on the exchange interactions between dif- 
ferent LL. Though not directly measurable, these interac- 
tions manifest themselves in the magnetic field variation 
of the CR energies which develops "kinks " at odd integer 
values of the filling factor v = ns(j)o/B {(j)o being the flux 
quantum and ns the areal density of carriers) for v > 2. 
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II. EXPERIMENTAL DETAILS 



New refined experiments have been performed on sin- 
gle doped GaAs quantum wells (QW) already used in a 
previous report^". The GaAs QW is sandwiched between 
two GaAs/AlAs superlattices with the Si- n- type doping 
performed symmetrically on both sides of the QW^^. The 
whole epistructure has been lifted-off from the growth 
substrate and deposited on an insulating Si wedged sub- 
strate which is transparent in the Far Infrared range 
of energy to avoid the strong optical phonon absorp- 
tion (reststrahlen band) which occurs in traditional GaAs 
thick substrates. We have performed magneto-infrared 
transmission measurements in the Faraday configuration 
with unpolarized infrared light using a Bruker Fourier 
Transform Spectrometer IFS-113 which was connected 
to a resistive 28 T magnet via a metallic waveguide. All 
measurements were made at a fixed temperature of 1.8 
K. We use a rotating sample holder which allows us to 
switch in-situ between the sample and a reference sam- 
ple. For each value of the magnetic field, we have mea- 
sured the transmission of the sample and of a reference (a 
silicon substrate) to normalize the transmission. These 
measurements are thus absolute measurements and exact 
absorption amplitudes can be extracted for the compari- 
son with models. Moreover, as optical phonons in the 
AlAs/GaAs short period superlatice and in the GaAs 
QW also present infrared signatures we were led to nor- 
malize the absolute transmission at a given magnetic field 
B by the absolute transmission measured at B=0 T. In 
the following, these absolute spectra normalized to the 
B=0 T spectra will be refered to as relative transmission 
spectra and will then be compared to a simulations^ of 
the multilayer transmission taking into account all the 
different dielectric layers of the sample. The whole pro- 
cedure minimizes the errors due to experimental or/and 
dielectric artefacts. 

In this paper, we will present results obtained for three 
samples labelled 1038,1201 and 1211, with a typical size 
of 4 X 4 mm. The sample 1038 corresponds to a QW 
width L=10 nm, a carrier density ns — 12.8 x lO^^cm^^ 
and a mobility of ^dc = 114 m?V^^ s^^ whereas for 
the samples 1201 and 1211, originating from the same 
wafer, L =13 nm, ns = 9.4 x lO^^cm"^ and /i_Dc — 
280 m^V'-^s"-^ . These concentration and mobility values 
are obtained from transport measurements performed on 
parent samples without the lift-off process. 



III. RESULTS 



In order to fit the measured infrared transmission, one 
has to use the components of the dielectric tensor e of the 
doped QW. As shown in Ref.^, these components can be 



formally written as: 



II 



{u + iSpY - {EMP)2 



■ i5pf 



(1) 



where El is the lattice contribution to the diagonal part 
of the tensor, (wp)^ = Annse"^/ (Lm*) is the square of the 
plasma frequency defined for a mean value of the carrier 
effective mass m*. One can note that formally Eq.(l) is 
very similar to the standard expression derived from the 
Drude model. However here the significance of the pa- 
rameters is different: the summation over p (= 0,1) cor- 
responds to the two CR active MP modes with an energy 
Ep^^ , and a corresponding oscillator strength Ip. Both 

oscillator strength depend on =| | but are used in 
the fitting procedure as additional parameters with the 
constraint that J2p^p = 1- The -dependence of Ip is 
relatively weak but its value at i^y « is significantly dif- 
ferent from the value obtained in the one-electron model 
due to the mixing of the one-electron transitions implied 
in the MP approach^. In addition the damping parame- 
ter Sp is used to fit the width of each transition. 

To illustrate this point, we compare in Fig.l the exper- 
imental spectrum for sample 1211 measured at = 2.34, 
with the simulated spectra using Eq.l for two distinct ap- 
proaches: in Fig. la the simulation, assuming that the os- 
cillator strength is given by the one-electron model, uses 
four independent fitting parameters (the energies Eq^^ , 
E^^^ , and the respective damping parameters Sq, Si); in 
Fig. lb an additional fitting parameter (/q) is used to sim- 
ulate the spectrum. It is clear from the results, that using 
the one-electron model to deduce the carrier concentra- 
tion of a 2DEG is not correct and in the present case, 
leads to a concentration which is 6 — 8% lower than the 
one deduced from transport measurements. This result 
is of particular importance when interpreting CR data. 

Fig. 2 and Fig. 3 display the results of the fitting pro- 
cedure obtained for samples 1201/1211 and 1038 respec- 
tively. In the upper panels the data relative to the damp- 
ing parameters So and Si are reported. On physical 
grounds, besides a weak constant value of these param- 
eters reflecting the small residual imperfections of the 
sample, any deviation from this value reflects the pres- 
ence of an additional dissipative interaction. In order 
to have a more detailed vision of the variations of ener- 
gies with the flUing factor, the quantities displayed in the 
lower panel of Fig. 2 and Fig. 3 are Eq ^^ /B (open circles) 
and E^^^ / B (crosses). In the Faraday configuration, the 
wave vector of the light ~q is parallel to B , and the only 
non-zero theoretical component of ~q \s q^- Therefore, in 
principle, K\\ should be 0. In practice however one has to 
face the divergence of the beam which can be important 
especially when using light-pipes to transfer the electro- 
magnetic field. When the full multi-dielectric treatment 
is performed^'^ to evaluate the transmission of such sam- 
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FIG. 1: Comparison of CR experimental transmission spectra 
(open circles) and theoretical simulated spectra (full lines) of 
sample 1211 for v = 2.34. In panel a) the fit is made using the 
oscillator strength given by the one-electron model whereas in 
panel b) the oscillator strength of the transitions is fitted (see 
text). 

pies, values for — 'i'KRe{n)/X (where n is the complex 
value of the index of refraction and A is the wave-length 
corresponding to the CR transition) are found to range 
between 4 and 7 x lO^cm"^. As a consequence, allow- 
ing for divergence of the infrared beam leads to consider 
values of (Jn — i^n « W^cm^^. We display in the lower 
panels of Fig. 2 and Fig. 3 the evolutions for both transi- 
tions expected from the MP model^ for = 1 x lO^cm^^ 
(full and dashed lines). Of course these values vary with 
the magnetic field and the curves displayed in these fig- 
ures have to be understood as a frame surrounding the 
corresponding variations. 

As already reported^ii^, one has to use an independent 
model to reproduce NP effects in the MP approach and 
the one used here is that given in Refii^ with a fitting 
parameter, the QW effective gap, adjusted to fit the data 
for /B at ly — 3. Changing this parameter does not 
modify the shape of the magnetic field evolution of the 
Ep^-^ /B and only results in a rigid shift^i. One notes 
that, for both samples, the variations of E^^/B as a 
function of v display a kink at v = S which is well repro- 
duced by the MP model. The discontinuity of E^^^ /B 
observed for the sample 1038 (Fig. 3) at i/ w 2.4 occurs, 
within the experimental error, for Eq^^ equals the en- 
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FIG. 2: Collected data for samples 1201/1211. Top panel: 
variation as a function of i/ of the fitted damping parameters 
So (open circles) and 5i (crosses) of the CR transitions. Bot- 
tom panel: comparison between the experimental results for 
Eq'^ /B (open circles) and E^'^ /B (crosses) with the pre- 
dictions of the MP model for Jfy = 1 x lO^cm"^: full line 
corresponds to Eq'^ /B and dashed fine to Ef'^ /B. 



ergy Tlujto of the TO phonon mode of GaAs. This dis- 
continuity and the related increase of Sq, also observed 
in samples 1201/1211 but at i/ < 2, reflects an interac- 
tion previously reported for a doped GaAs QW— as well 
as for a doped GalnAs QW— . This interaction which 
apparently concerns E^^^ and not E^^ is, at present, 
not well understood and will not be discussed here. One 
notes that the variation of Sq is quite smooth as long as 
Eq^^ is well below Tiojto- On the other hand, the vari- 
ation of 6 1 goes through a pronounced maximum at ~ 
2.5 and 4.5. This reflects, as already pointed out, the 
presence of an additional dissipative interaction mecha- 
nism which mainly concerns Ef^^ . 

To complete the report on the fitting procedure, the 
oscillator strength Iq of the Eq^^ transition is displayed 
in Fig. 4 as a function of i/ for all samples. The corre- 
sponding oscillator strength for Ef^^ is the complement 
to 1 of this variation. The fitted oscillator strength goes 
through a minimum at = 3 and 5: the relative depth of 
these minima depends on for each sample and also on 
the carrier concentration. Here the data are compared 
to the predictions of the MP model for different values of 
i^il . For any small non zero value of , Iq rises to 1 for 
1/ values close to an even integer. 

In the following we will discuss the experimental results 
obtained in the framework of the MP picture and they 
will be compared to the expectations of the one-electron 
picture. First, the evolution of Eq^^ /B is quite constant 
for 2 < v < 6 which is not predicted by the one electron 
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FIG. 3: Sample 1038. Top panel: Variation as a function of v 
of the experimental damping parameter 5o (open circles) and 
5i (crosses) of the CR transitions. Bottom panel: comparison 
between the experimental results for eJ^^^ /B (open circles) 
and Ei'^ /B (crosses) with the predictions of the MP model 
for 7^11 = 1 X 10'' cm^^: full line corresponds to Eq'^ /B and 
dashed line to E^"' /B. 



model including NP effects but well reproduced by the 
MP model. Second, the kink observed clearly ior v — 2> 
is also well reproduced. This is a fundamental point be- 
cause, as shown in Ref.^, the presence of this "kink" is 
due to the change of the exchange energies across odd 
filling factors larger than 2 and is a direct signature of 
the MP effects. A good agreement is also observed for 
/q as far as the minima at odd integer filling factors are 
concerned as well as their relative variations on v and ng. 
This is in contrast to the predictions of the one-electron 
model in which not only minima of /q do not occur at 
odd integer values of v but are also independent on v and 
715 . One notes in addition that the results discussed in 
Fig.l become coherent in the MP picture, because the use 
of carrier densities deduced from the one-electron model 
would lead to the kink of Eq^^ /B occurring at filling fac- 
tors around 2.8 where no physical arguments could justify 
such a discontinuity. Therefore it is clear from these data 
that the MP picture should be considered when interpret- 
ing CR experiments. It is important to note here that, 
whereas the "kink" feature appearing in the energy vari- 
ation of the Eq '^^ /{B) has an amplitude decreasing when 
ns decreases, the characteristic extrema of the oscillator 
strengths at odd filling factors is a robust signature of the 
MP character of the CR transitions which, in practice, 
does not depend on the carrier concentration. 

There are however apparent discrepancies between the 
reported data and the predictions of the MP model. First 
the evolution of Ef^^ (Fig. 2 and Fig. 3) is not repro- 
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FIG. 4: Variation as a function of i/ of the fitted oscillator 
strength 7o of the -Bq^^ transition (open circles) for sam- 
ples 1201/1211 (top panel) and sample 1038 (bottom panel). 
These variations are compared to the predictions of the MP 
model for K^^ = Ix 10'' cm"' (full lines) and = 1.5 x 10'' cm~' 
(dashed lines). 



duced by the model, especially for u values between 2 
and 3, and to a less extent between 4 and 5. In the 
same range of filling factors, the variation of the oscillator 
strength (Fig. 4) is also not correctly taken into account 
(because of the sum rule X^p^p ~ ^^ discrepancy for 
Iq is the consequence of an overestimation of Ii by the 
MP model). Further refinements of the MP model, such 
as changing the NP mode l^^i^^ or introducing spin-orbit 
interaction'*, were unable to explain, even qualitatively, 
the observed discrepancies. 

One can note however that these discrepancies occur 
when the dissipative mechanism is switched on. What- 
ever is its origin, the occurrence of such a mechanism 
will lead to a self-energy S(w) = Re{Y,{oj)) + iIm{Yj{u})) 
which will modify the poles of e. In the frame of the re- 
sponse theory Im{Y.{Lo)) and Re{Yj{uj)) are related each 
other by the Kramers-Kronig (KK) relations. Assuming 
that /m(E(a;)) is reflected by the observed increase of 5i 
which could be fitted with a Lorenztian curve, the corre- 
sponding KK transform develops an " S" shape variation 
around the maximum of the Lorenztian curve and can 
explain quantitatively the discrepancies between the ex- 
perimental and calculated values of E^^^ /B in the range 
of corresponding filling factors. This argument has how- 
ever to be considered as an empirical approach to this 
problem: it does explain, a priori, the discrepancies ob- 
served for the oscillator strength. 

The presence of the dissipative interaction has to be 
introduced into the MP model in a self-consistent way. 
To explain the origin of this interaction, it is natural to 
invoke the effects of impurities which in the present case 
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of high mobihty samples should essentially contribute to 
long range interactions. The theoretical approach of the 
MP model including these effects is difficult and has only 
be treated, formally, in the case of integer filling factors^ 
where, in the present experimental investigation, noth- 
ing spectacular occurs. This approach reveals however 
that the introduction of such effects leads to an addi- 
tional modification of the mixing of the wave functions: 
we therefore believe that a complete treatment of the MP 
model, introducing impurity interactions, should repro- 
duce self-consistently the observed variation of E^^^ /B 
and explain the discrepancies observed in the oscillator 
strengths. 

IV. CONCLUSION 

In conclusion, careful far infra-red magneto- 
transmission measurements performed on a series 



of doped GaAs QW reveal many specific features in 
the evolution of the CR energies and of their oscillator 
strengths which can be understood in the frame of the 
MP picture developed without any additional dissipative 
interaction. This proves that cyclotron resonance exci- 
tations in semiconductors are indeed magnetoplasmon 
excitations due to many-body interactions, which have 
to be taken into account when analyzing cyclotron 
resonance experiments. 
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